Mixed whole human saliva contains 4-hydroxyphenylacetic acid (HPA), nitrite and polymorphonuclear leukocytes. Salivary leukocytes nitrated HPA to 4-hydroxy-3-nitrophenylacetic acid in the presence of nitrite, and phorbol myristate acetate stimulated the nitration. Quercetin and the glucosides, which are found in the oral cavity after ingestion of quercetin-rich foods, inhibited the leukocyte-dependent nitration. The inhibition by quercetin and the glucosides was in part due to the flavonol-dependent scavenging of nitrogen dioxide which was formed by myeloperoxidasedependent oxidation of nitrite. Salivary components, SCN ؊ and uric acid, also inhibited the nitration. The above results suggest that quercetin can cooperate with SCN ؊ and uric acid to prevent nitration in the oral cavity.
In the human oral cavity, components derived from the salivary glands and other oral tissues such as gingivals are found. Salivary peroxidase, SCN Ϫ , uric acid and nitrate are secreted as salivary components. Bacteria in the oral cavity reduce nitrate to nitrite (Ferguson, 1989) and the concentration of nitrite ranges from 0.05 to 0.3 mM in mixed whole saliva . The salivary peroxidase/H 2 O 2 system can oxidize SCN Ϫ producing OSCN Ϫ which suppresses the growth of bacteria (Tenovuo, 1989) and can also oxidize nitrite producing reactive nitrogen species which participate in the nitration of salivary components (Takahama et al., 2003) . Uric acid is a major antioxidant in the saliva (Zappacosta et al., 1999) .
Leukocytes derived from gingival fluid are also found in the oral cavity and are referred to as salivary polymorphonuclear leukocytes (SPMN) (Yamamoto et al., 1991) . SPMN can produce O 2 Ϫ and H 2 O 2 consuming molecular oxygen, and a tumor promoter, phorbol myristate acetate (PMA), stimulates the oxygen consumption (Yamamoto et al., 1991) . 4-Hydroxyphenylacetic acid (HPA) is also a component in the oral cavity although its origin remains to be elucidated . Since stimulated plasma polymorphonuclear leukocytes nitrate HPA to 4-hydroxy-3-nitrophenylacetic acid (NO 2 HPA) in the presence of nitrite (Halliwell et al., 1999; van der Vliet et al., 1997) and SPMN produces H 2 O 2 by stimulation (Hirota et al., 2002; Yamamoto et al., 1991) , nitration of salivary HPA is probable if SPMN is accumulated and activated in the oral cavity.
In addition to the above components, components derived from foods are also present in this cavity. Among these components, antioxidative polyphenols may be important from the standpoint of health in the oral cavity. It has been reported that quercetin and the glucosides are present in the saliva after ingestion of onion soup, and that the flavonols remained in the oral cavity for several hours after the ingestion (Hirota et al., 2001) . The importance of the phenolics as antioxidants in the oral cavity is deduced from the report that polyphenols can scavenge reactive oxygen species generated by SPMN (Hirota et al., 2002) . The importance is also deduced from the result that polyphenols can inhibit myeloperoxidase (MPO)-and acidic nitrite-dependent nitration of free tyrosine and tyrosine residues in proteins (Halliwell et al., 1999; van der Vliet et al., 1997; Oldreive et al., 1998; Oldreive & Rice-Evans, 2001 ) and can protect DNA bases against deamination by nitrous acid (Oldreive et al., 1998; Zhao et al., 2001) . Furthermore, polyphenols can react with nitrogen oxides like nitric oxide (Haenen et al., 1997; Herencia et al., 2002; Paquay et al., 2000; van Acker et al., 1995) . Although it has been discussed that polyphenols may be important compounds to inhibit nitration and DNA damage in the gastrointestinal tract (Halliwell et al., 1999 Oldreive et al., 1998; Oldreive & Rice-Evans, 2001; van der Vliet et al., 1997; Zhao et al., 2001) , there are no reports on their effects on the SPMN-catalyzed nitration of salivary components.
The aims of the present investigation were to elucidate whether SPMN can nitrate a salivary component HPA in the presence and absence of PMA and whether quercetin and the glucosides from onion bulbs and salivary components, SCN Ϫ and uric acid, can suppress SPMN-catalyzed nitration of HPA. The obtained results suggest that quercetin and the glucosides and the salivary components can protect the oral cavity from the reactive nitrogen-dependent damages.
Materials and Methods
Reagents PMA, MPO from human leukocytes and superoxide dismutase (SOD) from bovine erythrocytes were obtained from Sigma Japan (Tokyo). Catalase from bovine liver was from Roche Diagnostics GmbH (Mannheim, Germany). Quercetin, HPA and NO 2 HPA were from Wako Pure Chem. (Osaka, Japan). Quercetin 4¢-monoglucoside and quercetin 3,4¢-diglucoside from onion bulbs were prepared by thin-layer chromatography (silica gel) and the concentrations were estimated from the absorbance at 360 nm using isoquercitrin as a standard as reported previously (Hirota et al., 1998) .
Preparation of saliva and salivary cell suspension (SCS) Mixed whole saliva (10 ml) was collected from four healthy volunteers at about 9 o'clock in the morning by chewing parafilm. The collected saliva itself and SCS, which contained detached epithelial cells and SPMNs, were used for experiments. To prepare SCS, collected saliva (10 ml) was centrifuged at 700ϫg for 5 min. The sediment, which was washed once with 10 ml of Ca 2ϩ -free Krebs-Ringer phosphate (KRP) solution by centrifugation, was suspended in 10 ml of Ca 2ϩ -free KRP solution to use as SCS.
Preparation of SPMN SPMNs were prepared according to a previously reported method (Yamamoto et al., 1991) with a slight modification. The oral cavity of each donor (four healthy volunteers) was thoroughly washed with 10 ml of KRP solution for 30 s. This washing procedure was repeated ten times. The pooled oral washings (about 100 ml per person) were passed through 380-mesh nylon sheets (32 m, Sansho, Tokyo) and SPMN was collected by centrifugation at 300ϫg for 5 min. After a washing with Ca 2ϩ -free KRP solution by centrifugation, the resultant sediment was suspended in 1 ml of Ca 2ϩ -free KRP solution for counting. The value was 1-6ϫ10 6 SPMN ml
Ϫ1
. The number of detached epithelial cells contaminated was less than 1%.
Spectrophotometric measurements All spectrophotometric measurements were performed at 35˚C using a Hitachi 557 spectrophotometer (Tokyo). Cyt. c reduction was measured by dual wavelength mode (⌬A 550-540 nm). Mixed whole salivadependent reduction of Cyt. c was measured by adding 20 M Cyt. c to 1 ml of mixed saliva. SCS-dependent reduction of Cyt. c was measured by adding 10 mM glucose, 1 mM NaN 3 and 20 M Cyt. c to 1 ml of SCS. Amount of Cyt. c reduced was calculated using an absorption coefficient of 21.0 mM Ϫ1 cm Ϫ1 (Yamamoto et al., 1991) . SPMN (1-6ϫ10 6 ml
) suspended in 0.1 M sodium phosphate (pH 7.0) was subjected to an ultrasonic treatment for 15 s. After centrifugation (10,000ϫg, 5 min), the supernatant was used as cell-free extracts of SPMN. MPO-catalyzed oxidation of quercetin was measured in a reaction mixture (1 ml) that contained 10-20 l of cell-free extract or 0.05 unit of MPO, 0.05 mM quercetin, 0-10 mM NaNO 2 and 0.1 mM H 2 O 2 in 0.1 M sodium phosphate (pH 7.0) with or without 0.15 M NaCl. Reactions were started by adding H 2 O 2 . Absorbance decrease by oxidation of quercetin was recorded by double beam mode at 370 nm (Hirota et al., 2002) .
Nitration of HPA Nitration of HPA was measured at 35˚C using mixed saliva itself, SCS and SPMN. When mixed saliva or SCS was used, 0.1 mM HPA, 1 mM NaNO 2 and 10 mM glucose were added to 1 ml of mixed saliva or SCS. When SPMN was used, 0.4ϫ10 6 SPMN was suspended in 0.4 ml of Ca 2ϩ -free KRP solution (pH 7.4) that contained 0.1 mM HPA, 1 mM NaNO 2 and 10 mM glucose. After incubation for defined periods, pH of the reaction mixtures was adjusted to 3 by 1 M HCl and then extracted with 5 ml of ethyl acetate twice. Ethyl acetate of the extracts was evaporated with a rotary evaporator. The residues were dissolved in 0.4 ml of a mixture of methanol and 25 mM KH 2 PO 4 (1:2, v/v; pH 4.5). NO 2 HPA was analyzed by applying an aliquot (0.1 ml) to an HPLC column [Shim-pack CLC-ODS (6 mm i.d.ϫ15 cm)] (Shimadzu, Kyoto) combined with an injector (Rheodyne 7125, 100-l sample loop). NO 2 HPA separated by HPLC was detected with a spectrophotometric detector with a photodiode array (SPD-M10A, Shimadzu). A mixture of methanol and 25 mM KH 2 PO 4 (1:2, v/v; pH 4.5) was used as the mobile phase and the flow rate was 1 ml min Ϫ1 . NO 2 HPA was quantified from the peak areas on chromatograms at 360 nm. All values were expressed by the difference before and after the incubation because small amounts of NO 2 HPA were formed during the extraction procedure under acidic conditions.
Results and Discussion
No detectable nitration of HPA was observed when mixed whole saliva was incubated in the presence or absence of 50 nM PMA which stimulated SPMN. The failure of observation of HPA nitration may be due to the presence of SCN Ϫ (1.2Ϯ0.7 mM) (Ferguson, 1989) and other reductants such as uric acid (80-280 M) (Zappacosta et al., 1999) in saliva. It has been reported that these components inhibit nitration of HPA (van der Vliet et al., 1997) and tyrosine (Gow et al., 1996) . Mixed whole saliva reduced Cyt. c and the amount reduced was 7-19 M (nϭ4) depending on saliva preparations. The Cyt. c reducible components may also contribute to the failure of the observation. It is possible that these components are ascorbic acid (Mäkilä & Kirveskari, 1969) and glutathione (Zappacosta et al., 1999) .
Small amounts of NO 2 HPA (0.07-0.09 M, nϭ4) were formed when SCS was incubated for 30 min in the presence of 1 mM NaNO 2 and 0.1 mM HPA. The NO 2 HPA formation was increased to 0.12-0.25 M (nϭ4) by 50 nM PMA. The formation of NO 2 HPA was confirmed by comparing the retention time (9.5 min) and the absorption spectrum (peaks; 215, 275 and 358 nm) with authentic NO 2 HPA as reported previously . SCS reduced Cyt. c in the presence and absence of 50 nM PMA and the reduction was partially inhibited by SOD (34 units ml
Ϫ1
). O 2 Ϫ formed during 30 min incubation of SCS, which was calculated from SOD-inhibitable reduction of Cyt. c, was about 1-1.3 and 3-6 M in the absence and presence of PMA (nϭ3), respectively. This result suggests that SPMN in SCS was stimulated in the absence of PMA and that PMA further stimulated the SPMN. It has been reported that isolated SPMN produces O 2 Ϫ and H 2 O 2 (Yamamoto et al., 1991; Al-Essa et al., 1994) absorbing molecular oxygen (Hirota et al., 2002) in the absence of stimuli. Figure 1 shows the time courses of nitration of 0.1 mM HPA to NO 2 HPA by isolated SPMN in the presence of 1 mM NaNO 2 . The lag period for the formation of NO 2 HPA implies that MPO released from SPMN may participate primarily in the nitration of HPA. PMA-dependent secretion of MPO from plasma polymorphonuclear leukocytes has been reported (van de Vliet et al., 1997) . Figure 2 shows the effects of concentrations of NaNO 2 (upper) and HPA (lower) on the SPMN-dependent nitration of HPA in the presence of PMA. Nitration of HPA was small in the absence of externally added nitrite (Fig. 2) suggesting that generation of reactive nitrogen species by activated SPMN was slow in the absence of nitrite. Fukuyama et al. (1996) have reported that nitration of polymorphonuclear leukocytes isolated from human blood is low in the absence of added nitrite. The nitration after 30 min of incubation was nearly linear as a function of not only NaNO 2 but also HPA concentrations in their concentration ranges used in this study. Since the concentrations of nitrite and HPA in saliva are about 0.2 mM and 5 M on average, respectively and the concentrations of HPA of saliva from periodontal patients were high (20-100 M) (personal communication), nitration of HPA is possible in the oral cavity if SPMN is accumulated and activated in inflamed tissues.
To elucidate the mechanism of SPMN-dependent nitration of HPA, the effects of some reagents on the nitration of HPA were studied (Table 1) . SOD enhanced the nitration about 2-fold while catalase and azide, an inhibitor of MPO, significantly inhibited the nitration. Such effects of SOD, catalase and azide have been reported for the nitration of tyrosine residues in a peptide, which is catalyzed by human plasma polymorphonuclear leukocytes (van Dalen et al., 2000) . The inhibition by catalase and azide suggests that the H 2 O 2 /MPO system is concerned with the SPMN-dependent nitration of HPA. It has been reported that H 2 O 2 /MPO and H 2 O 2 /lactoperoxidase systems can nitrate HPA (van der Vliet et al., 1997) and that MPO can serve as an enzymatic catalyst for nitration of tyrosine in vivo (Brennan et al., 2002) . Since nitrogen dioxide (Brennan et al., 2002; Halliwell et al., 1999; Shibata et al., 1995; van der Vliet et al., 1997) and HPA radicals (van der Vliet et al., 1997) can be formed by peroxidase/H 2 O 2 systems, SOD-dependent enhancement may be due to the suppression of O 2 Ϫ -dependent reduction of both nitrogen dioxide and HPA radicals. The O 2 Ϫ -dependent reduction of HPA radicals is deduced from the fast reaction between O 2 Ϫ and tyrosine radicals (Zhao et al., 2001) . The reaction between O 2 Ϫ and nitrogen dioxide is thermodynamically favorable because nitrogen dioxide is a powerful oxidant (Hui, 1994 ) and the reaction is suggested to be fast (Zhao et al., 2001) .
In addition to catalase and azide, SCN Ϫ which is a normal salivary component (Ferguson, 1989 ) also inhibited the nitration. 1997), and it has also been reported that the H 2 O 2 /MPO system can nitrate tyrosine residues in proteins (Brennan et al., 2002; van der Vliet et al., 1997) . According to the above result and discussion, it is deduced that SCN Ϫ can protect oral tissues from undesirable nitration and oxidation by nitrogen dioxide. Another antioxidative salivary component, uric acid, also inhibited SPMN-dependent nitration of HPA (Fig. 3, upper) , suggesting that uric acid can also prevent the undesirable nitration and oxidation in the oral cavity. Since concentrations of SCN Ϫ and uric acid in the saliva are 1.2Ϯ0.7 mM (Ferguson, 1989) and 0.08-0.28 mM (Zappacosta et al., 1999) , respectively, SPMN-dependent nitration of phenolics seems to be possible under the conditions that the concentrations of SCN Ϫ and uric acid are low and/ or the oxidation of nitrite is fast.
Quercetin inhibited SPMN-dependent nitration of HPA. Fifty percent inhibition of NO 2 HPA formation was observed at about 5 M quercetin, and NO 2 HPA formation was nearly completely inhibited at 50 M quercetin (Fig. 3, lower) . To elucidate the mechanism of quercetin-dependent inhibition of NO 2 HPA formation, the effects of NaNO 2 on oxidation of quercetin were studied using the cell-free extract of SPMN (Fig. 4) . Sodium nitrite (0.1-10 mM) did not inhibit but enhanced the oxidation in both the presence and absence of 0.15 M NaCl; the degree of enhancement increased as the concentration of nitrite was increased. Such enhancement of quercetin oxidation was also observed when commercially obtained MPO was used (data not shown). The results suggest that quercetin and nitrite were competitively oxidized by the H 2 O 2 /MPO system and that the oxidation intermediates of nitrite also oxidized quercetin. It has been suggested that the H 2 O 2 /MPO system oxidizes nitrite (van der Vliet et al., 1997) and that polyphenols inhibit acidic nitritedependent nitration of tyrosine by scavenging nitrogen oxides (Oldreive et al., 1998) . Quercetin was also oxidized by SPMN in the absence (Hirota et al., 2002) and presence of NaNO 2 (data not shown). Furthermore, it has been reported that quercetin (20-30 M) inhibits the oxygen consumption catalyzed by PMA-activated SPMN by 50% (Hirota et al., 2002) . According to the results obtained in this study and previous reports, it is concluded that quercetin-dependent inhibition of SPMN-catalyzed nitration of HPA is due to i) competition with nitrite for H 2 O 2 /MPO, ii) scavenging of the oxidation intermediates of nitrite which may participate in the nitration, and iii) inhibition of SPMN-catalyzed production of O 2 Ϫ and H 2 O 2 . Quercetin 4¢-monoglucoside and quercetin 3,4¢-diglucoside also inhibited the nitration of HPA, but these glucosides were not as effective as quercetin in this inhibition (Fig. 3) . Quercetin 4¢-monoglucoside (50 M) was oxidized in a reaction mixture (1 ml) that contained 0.05 unit of MPO and 0.1 mM H 2 O 2 , but the MPO-catalyzed oxidation of quercetin 3,4¢-diglucoside (50 M) was not detectable when the oxidation of these flavonols was recorded by the absorbance decreases around their peak wavelength (360 nm). Sodium nitrite (10 mM) enhanced the oxidation of these glucosides. These results suggest that quercetin 4¢-monoglucoside may inhibit the nitration by competing with nitrite for MPO and by scavenging reactive nitrogen species, and that quercetin 3,4¢-diglucoside may do so by scavenging reactive nitrogen species.
It has been estimated that the concentrations of quercetin and quercetin 4¢-monoglucoside in the epithelial cells of the oral tissues are about 5 and 2 M, respectively, 15 min after the ingestion of onion soup equivalent to 50 g of onion bulb, and that the concentration decreases gradually to nearly zero over 4 h after the ingestion (Hirota et al., 2001 ). This result suggests that quer- cetin and the glucosides can also inhibit SPMN-catalyzed nitration in the epidermal cells if the nitrogen oxides formed by SPMN diffuse into the cells. In this way, quercetin and the glucosides can cooperate with SCN Ϫ and uric acid to protect oral tissues from undesirable nitration, when SCN Ϫ and uric acid-dependent inhibition of nitration is partial. Such partial inhibition may be observed in the oral cavity of periodontal patients, because leukocytes accumulate and are activated in the inflamed tissues. Further studies on detection of NO 2 HPA and other nitrated components and on inhibition of the nitration by quercetin and glucosides in the oral cavity are required.
